E ndocytosis is a general term for the internalization of particles, solutes, fluid, and membrane components by invagination of the plasma membrane (PM) and internalization of membrane vesicles. It plays a central role in the life of eukaryotic cells by mediating important aspects in the communication between the cell and the outside world, and by serving as a sensitive regulator of cell dynamics and homeostasis (Collinet et al. 2010) . The endocytosed cargo includes nutrients, receptor-ligand complexes, lipids, antigens, membrane proteins, toxins, and pathogens, to name a few.
In this article, we limit our discussion to a special form of endocytosis; the internalization of viruses and bacterial toxins that use neutral and acidic glycosphingolipids (SP05/SP06) as receptors for endocytic uptake. They exploit these receptors and the endocytic machinery of the cell for infection and intoxication. The endocytic processes and intracellular trafficking routes differ in many respects from those used by most other cargo.
In a typical animal cell, several different mechanisms of endocytosis operate side by side. The most important for the present discussion are the clathrin-mediated and various lipid raft-dependent pathways because they are the main pathways taken by lipid-bound ligands. The clathrin-mediated pathway is continuously ongoing, whereas the others are ligand-induced and involve signaling pathways that engage tyrosine kinases and other cytosolic signaling factors Mercer et al. 2010) .
GLYCOSPHINGOLIPIDS
Glycosphingolipids are synthesized in the Golgi apparatus and enriched in the outer bilayer leaflet of the plasma membrane (PM). They have bulky hydrophilic head groups composed of an oligosaccharide with up to seven monosaccharide units. Gangliosides (SP0601) constitute a subgroup of acidic glycosphingolipids (SP06) with one or more terminal sialic acids. The total ganglioside content of the plasma membrane (PM) can reach up to 1% -2%, with individual gangliosides in the range of 0.01% -0.1% (Levis et al. 1976; Ortegren et al. 2004; Sonnino et al. 2006) . The glycosphingolipids are enriched in the apical domain of polarized cells (Crespo et al. 2008) , and they are especially abundant in neurons (Sonnino et al. 2006) .
The larger the oligosaccharide, the more likely gangliosides are to cluster in membrane regions of positive curvature ). The preference for membrane curvature may be the reason, why gangliosides can be detected in the neck region of caveolae (Parton 1994) . Exogenously added gangliosides enter caveolae (Fra et al. 1995; Pitto et al. 2000) , and are endocytosed through these (Choudhury et al. 2006) , but this association is transient and not observed under steady state conditions (Chigorno et al. 2000) .
Because of the high content of long, saturated alkyl chains and the propensity to associate with other sphingolipids and cholesterol, glycosphingolipids are thought to promote the formation of lipid domains with reduced fluidity and tight packing (Tsamaloukas et al. 2006; Sonnino et al. 2007 ). This process has been studied extensively in artificial membranes that have a lipid composition similar to that of the PM (McConnell and Vrljic 2003; Feigenson 2007; Blanchette et al. 2008) .
LIGANDS THAT BIND TO GLYCOSPHINGOLIPIDS: BACTERIAL TOXINS AND VIRUSES
Endocytosed ligands known to bind to glycosphingolipids include certain bacterial toxins, viruses, lectins, and antibodies (Schengrund 2003) . Unlike other toxins and viruses that use cell surface proteins as their receptors, those that bind to glycosphingolipids are special because they are usually transported to the endoplasmic reticulum (ER) from where they penetrate into the cytosol. Once in the cytosol, the bacterial toxins and plant lectins manifest their toxicity by interfering with critical cell functions such as protein translation and regulation of membrane traffic (Sandvig et al. 2010 ). The viruses take over the cellular machinery for their own replication. After entering the ER, the best studied of the viruses-the mouse polyoma virus (mPy) and simian virus 40 (SV40)-continue their voyage to the nucleus to replicate. Tables 1 and 2 list some of the pathogenic ligands in question and some of their properties. In the case of Cholera (CTX) and Shiga (STX) toxins, the glycosphingolipids GM1 (Heyningen 1974 ) and globotriasylceramide, Gb3 (Lindberg et al. 1987) , respectively, are likely to be the main receptors needed for endocytosis. In the case of the clostridium neurotoxins, TeNT and BoNT, polysialic gangliosides serve as attachment receptors. They concentrate the toxins on the cell surface, and promote subsequent binding to specific protein receptors such as synaptotagmin expressed in presynaptic membranes (Montecucco et al. 1996; Brunger and Rummel 2009) . Most of the toxins in Table 1 contain two subunits (A and B). These are usually derived from a common precursor protein through cleavage by target cell proteases. The A-subunits are the actual toxins or effectomers delivered to the cytosol. The B-subunits are so called haptomers responsible for binding to the carbohydrate moiety of GSLs and internalization. The B-subunits are often five in number, and organized as a flat ring with a single A-subunit on one side and the glycan binding sites on the other (Fig. 2) . The Clostridial neurotoxins differ in having a single (i.e., nonpentameric) binding subunit, but they have additional coreceptor binding sites (Binz and Rummel 2009; Brunger and Rummel 2009) .
Although many animal viruses bind to carbohydrate moieties of cell surface glycoconjugates, only few interact with glycosphingolipids and use them as receptors (Table 2) . For the polyoma virus family, glycosphingolipids are likely to constitute primary receptors, but a role for additional coreceptors cannot be excluded. Polyomaviruses are nonenveloped DNA viruses that replicate in the nucleus. Several members of the family are recognized as human pathogens.
The viral capsids are icosahedral with 72 VP1 protein pentamers serving as basic structural units (Liddington et al. 1991; Stehle et al. 1994) . The VP1 pentamers carry five glycosphingolipid binding sites as shown in Figure 1 . There is no sequence homology between VP1 and the bacterial toxins, but the overall pentameric structures are remarkably similar compared to the equally pentameric, membrane-binding B-subunits of STX and CTX, so called AB5 toxins (Fig. 1 ). Especially striking is the similar organization of binding sites always spaced about 3 nm from each other. Noroviruses are RNAviruses and replicate in the cytosol, but little is known about their entry mechanisms.
INITIAL BINDING
Binding of viruses and toxins to glycosphingolipids is highly specific. In gangliosides, the sialic acids play a central role in defining the specificity. In the case of SV40, it is interesting to note in this context that a single atom in the carbohydrate moiety can make a difference. Thus N-acetyl sialic acid in human GM1 provides less efficient binding to cells and less efficient infection than the N-glycolyl group present in simian GM1 (Campanero-Rhodes et al. 2007 ).
The crystal structures available for the toxins and viruses in association with their receptors show that 2-3 of the saccharides in the glycosphingolipid contact the protein subunit directly (Merritt et al. 1994; Stehle et al. 1994; Neu et al. 2008 Neu et al. , 2009 . Although the affinity of glycosphingolipid binding is often relatively low, the avidity of toxin and virus binding to membrane bilayers and cells is high because of the multivalency of binding (Mammen et al. 1998) . The avidity of CTX to GM1-containing supported membrane bilayers is, for example, three-orders of magnitude higher than its affinity to the carbohydrate moiety of GM1 in solution (Schon and Freire 1989; Kuziemko et al. 1996; Turnbull et al. 2004) . A mutant cholera toxin with a reduced number of functional binding sites shows reduced affinity for cell membranes, and it is endocytosed less efficiently (Wolf et al. 2008 ). The individual binding sites of SV40 for the carbohydrates in GM1 have a K d in the millimolar range as estimated in ligand-soaked crystals (Neu et al. 2008 ), but binding of SV40 virions to GM1 containing membranes is virtually irreversible (H Ewers and A Helenius, unpubl.).
ASSOCIATION OF GSLs AND LIGANDS WITH LIPID DOMAINS
Individual gangliosides diffuse in the plasma membrane of cells with a diffusion constant (D) in the range of a few mm 2 /sec. Interaction with cholesterol leads to short-lived confinement in the nanometer range (Spiegel et al. 1984; Eggeling et al. 2009; Sahl et al. 2010) . The diffusion of GM1-bound CTX is more than an order of magnitude slower than that of free GM1 in supported membrane bilayers, plasma membrane vesicles, and cellular membranes (Spiegel et al. 1984; Kenworthy et al. 2004; Burns et al. 2005; Lingwood et al. 2008; Eggeling et al. 2009 ). The lateral mobility of GSL-bound polyomaviridae is even lower Kukura et al. 2009 ). Why the diffusion of lipid-bound ligands is reduced to such an extent is not clear, especially because the binding of antibody to lipids does not result in a similar reduction (Lee et al. 1991) . Interestingly, the binding of cholera toxin to GM1 strongly reduces the diffusion of other lipid molecules in the same membrane (Forstner et al. 2006) . The binding interface between CTX and SV40 pentamers and the membrane is quite tight, with the protein surface contacting the top bilayer leaflet (Campanero-Rhodes et al. 2007; Neu et al. 2008 ). This may be important for the inclusion into membrane microdomains or for trans-bilayer coupling.
Single particle tracking has shown that when incoming mPy viruses bind to the PM of cells, they first undergo random lateral movement for 5 -15 sec with a diffusion constant of 0.01 mm 2 /sec (Ewers et al. 2005) . The permanent or transient loss of mobility after the initial phase of free diffusion depends on the actin cytoskeleton. In the presence of inhibitors of actin polymerization, the lateral diffusion continues without confinement. The reason for the confinement could be trans-membrane interactions with cortical actin. Virus-receptor complexes could, because of their size, also be confined by a "picket fence" of trans-membrane molecules that are anchored to the actin meshwork and act as obstacles to lateral diffusion (Kusumi et al. 2005) . Alternatively, the confinement could be explained by the virus-induced invagination of the plasma membrane described below. Although the viruses do not enter coated pits, a minority population is trapped in caveolae in cells that express caveolin-1.
In supported membrane bilayers, the viruses are highly mobile, no confinement is observed (Ewers et al. 2005; Kukura et al. 2009 ). However, an exception can be observed when the bilayer contains high amounts of GM1 (1 mol %). Instead of undergoing lateral motion, SV40 virions wobble back and forth with a step size of a few nanometers, likely by oscillating between 
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The clustering of glycosphingolipids induced by the viruses and the toxins has a general effect on membrane lipids and their organization. Association of CTX with GM1 in the PM, for example, increases membrane order (Gaus et al. 2006) . It also leads to lateral segregation of CTX-containing liquid-ordered membrane domains from more liquid-disordered membrane both in PM-blebs (Lingwood et al. 2008 ) and in artificial membranes (Hammond et al. 2005) . Binding of CTX also increases the melting temperature (Forstner et al. 2006 ) and viscosity (Yamazaki et al. 2005 ) of supported membrane bilayers. Furthermore, after binding to the PM of cells, CTX, STX, and SV40 are found to associate with detergentresistant membranes (DRM) (Falguieres et al. 2001; Wolf et al. 2002; Damm et al. 2005) . Both intact SV40 particles and isolated VP1 pentamers cluster when bound to GM1 in artificial membranes (Ewers et al. 2010 ). If such membranes have liquid-ordered and liquid-disordered phases, they accumulate in the liquid-ordered membrane (Ewers et al. 2010) .
For many of these phenomena, the detailed structure of the GM1 is important. Only GM1 molecules with long alkyl chains support partitioning of virus with the liquid-ordered phase in vitro, and thus promote local enrichment of virion-receptor complexes (Ewers et al. 2010) . Studies using GM1 supplementation into mutant cells that do not contain glycosphingolipids of their own have, moreover, shown that although GM1 supports SV40 binding independently of its hydrocarbon chains, only those with long and preferably saturated alkyl chains promote association with the liquid-ordered phase (Ewers et al. 2010) . Unlike GM1 with short alkyl chains, they also allow endocytosis and infection.
These findings are consistent with the view that clustering of glycosphingolipids with long aliphatic chains by multivalent ligands in the presence of cholesterol can drive the nucleation of membrane domains (i.e., so-called lipid rafts [Hancock 2006; Lingwood and Simons 2010] ). The spacing of glycosphingolipid binding sites may be important given that the 30 Å distance is virtually identical in the polyomaviruses and the pentamer-containing toxins. In antibodies, the two binding sites are arranged flexible to one another and antibodies to GM1 indeed fail to induce lateral segregation of membranes (Ewers et al. 2010 ).
INDUCTION OF CURVATURE
Electron microscopy studies show that compared with other viruses, the association of mPy and SV40 with the plasma membrane is unique in that the space between the surface of the virus and the membrane is almost nonexistent (Hummeler et al. 1970; MacKay 1976; Maul et al. 1978) . The reason for this is no doubt that the receptors are lipids, and the binding sites in the virus are not located on spikes or extensions. In addition, these viruses often occur in invaginations in which the membrane contour gives the impression that the viruses are "budding" into the cell (Fig. 2) . The endocytic vesicles formed from these inward "buds" are tight-fitting, with the virus particle occupying all of the inner volume.
We have recently shown that SV40 actively induces membrane curvature. This is most dramatically illustrated by the effects observed when the pinching-off of SV40-containing vesicles from surface buds is inhibited by ATP depletion of the cell. The small invaginations containing single virions grow into elongated, PM-attached, virus-filled membrane tubules extending far into the cytoplasm (Ewers et al. 2010) . Under ATP-depletion conditions, STX, CTX, and SV40 VP1 pentamers also induce similar tubules indicating that pentameric glycosphingolipid binders are sufficient to induce the curvature (Römer et al. 2007; Ewers et al. 2010) .
Tubule formation by these ligands can also readily be observed in giant unilamellar vesicles (GUVs) containing glycosphingolipid receptors. After addition of SV40 or any of the pentameric ligands, long inward-directed tubules are formed emanating from the limiting membrane. Both in cells and in GUVs the same rules seem to apply; for SV40 and VP1 pentamers to form clusters and tubules the GM1 must have long aliphatic chains.
How do virions and AB5 toxins manage to overcome membrane tension and induce such dramatic membrane curvature? Substantial forces are required for the deformation of membranes into tubes and vesicles. In receptor-mediated endocytosis, the intracellular domains of trans-membrane proteins provide sites for coatomers to bind to and to deform membrane into vesicles. In the case of lipidmediated endocytosis, the interactions leading to curvature must occur on the external surface of the plasma membrane. How is force generated under these circumstances?
In the case of virions, the binding energy between VP1 and GM1 is likely to play an important role. The virus has 360 GM1 binding sites. They are arranged 30 Å apart in a pentamer, and the pentamers are evenly distributed 9-10 nm apart over the surface of the 50 nm diameter particle. The virus can "wrap" itself in membrane by zipper-like association of GM1 molecules to an increasing number of binding sites. Membrane invagination is a consequence of the spatial organization of the binding sites on a spherical surface. If abscission does not take place-as is the case in energy-depleted cells and GUVs-a second virion can use the existing invagination and thus induce the formation of a tubule. Additional virions will allow the emerging structure to grow, resulting in the formation of long, virus-filled tubules.
In addition to the energy provided by the multivalent binding of GM1 to the virus surface, it is possible that the local accumulation of gangliosides under viruses or AB5 toxins generates a lipid domain with a composition distinct from the bulk membrane. This in turn will induce line tension within the membrane, which may lead to membrane invagination. Such deformation helps to reduce the length of the phase boundary, and thus the energy of line tension (Baumgart et al. 2003) . Once the membrane is deformed, the induction of curvature by the bound virus and AB5 toxin can further enhance phase separation, which may act as a feedback loop (Parthasarathy et al. 2006) .
The physical mechanisms may not be identical for virions and toxins (Ewers et al. 2010) . Although for virions the binding energy is important because of the intrinsic curvature of the particle, the line tension is likely to be the dominant driving force for AB5 toxins (Ewers et al. 2010 ). This may explain why the induction of curvature is faster for the virus than for the toxins, and viral particles can overcome higher membrane tension.
SCISSION OF ENDOCYTIC VESICLES
In artificial membranes composed of domainforming lipid mixtures, line tension can lead to fission of vesicles from invaginations when the system is cooled rapidly (Baumgart et al. 2003; Allain et al. 2004; Roux et al. 2005; Rozovsky et al. 2005 ). When energy-depleted cells with STX-induced tubules are cooled, STX becomes internalized as well ) suggesting a role for line tension in cellular membrane fission. Under normal growth conditions however, AB5 toxins and virions can deform cellular membranes without the need of cellular energy consumption, but the scission reaction needed to generate an endocytic vesicle requires the participation of cellular factors and energy in the form of ATP or GTP.
Liu et al. describe a general model for eukaryotic endocytosis in which lipid-binding proteins and coatomers protect the forming vesicle and the neck of the invagination respectively from phosphatases that digest phosphatidylinositol-4,5-bisphosphate (PIP2) specifically at the ingression between these domains (Liu et al. 2009 ). Spatially constricted removal of PIP2 may in turn lead to an interfacial force or line tension sufficient for fission. Line tension-mediated fission could thus be a common principle of membrane scission events. At the same time, the requirement of organized parallel threads of interacting molecules during
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That the scission of STX and SV40 containing tubules in cells depends on the presence of cholesterol in the plasma membrane argues for a role of line tension as well (Römer et al. 2007; Ewers et al. 2010 ). Nevertheless, cholesterol and ganglioside clustering alone are not sufficient for fission, as STX, CTX, or SV40-containing tubules are stable in cholesterolcontaining GUVs. Some cellular factors and energy are required to induce fission. In the case of STX tubules, the polymerization of actin is sufficient to induce fission in GUVs , but in cells the situation likely is more complex. What factors are involved in the scission of vesicles in lipid-mediated endocytosis as described here is unclear.
The scission of vesicles in cells is often catalyzed by dynamin, a GTPase that binds to the highly curved membrane in the stalk region of the forming vesicle (Bashkirov et al. 2008 ). However, there are endocytic mechanisms that work independently of dynamin. The endocytosis of SV40 seems to belong to these. Whereas STX and CTX can be internalized by multiple pathways, the tubular pathway described here is dynamin-independent as well.
Studies on SV40 entry indicate that scission is the result of a complex series of processes that depend on trans-bilayer coupling and activation of tyrosine and other kinases. Given that the virus interacts with receptors only in the outer lipid leaflet of the plasma membrane, one must assume that a trans-membrane signal is generated by virus binding. Whether the coupling involves the lipids alone or also proteins on the inside surface of the PM remains to be determined. A fraction of virions enters caveolar invaginations that are rich in signaling molecules at the plasma membrane (Anderson et al. 1996 (Anderson et al. , 1998 Stang et al. 1997) , and the addition of SV40 particles activates caveolar trafficking (Tagawa et al. 2005) . However, while shRNA against Caveolin-1 reduces infection significantly in HeLa cells , Caveolin-1 deficient cells are readily infected and internalize SV40 at an even faster rate than wt cells (Damm et al. 2005 ). In many cell types, the caveolin-independent route is likely to represent the main route of endocytosis leading to infection. Coupling may be induced simply by the membrane curvature resulting from viral binding, as highly curved membranes attract and increase the activity of many important molecules in membrane traffic (Bigay et al. 2003; Yoshida et al. 2004; McMahon and Gallop 2005; Frolov and Zimmerberg 2008; Lundmark et al. 2008) . However, it is well documented that tyrosine-and ser/thr kinases are activated, and phosphatase inhibitors elevate vesicle formation (Richards et al. 2002) . In the case of STX and CTX, binding to the plasma membrane can activate Src-family kinases (SFKs) that copurify in detergent resistant membrane fractions (Katagiri et al. 1999 ) and regulate endocytosis (Lauvrak et al. 2006 ).
TRANSPORT AND SORTING IN THE ENDOCYTIC PATHWAY
Although lipid-bound ligands are internalized by several, possibly parallel endocytic mechanisms, they all seem to deliver their cargo to the endosome network. The main compartments in this complex and interconnected system are shown in Figure 3 . Early endosomes (EEs) serve as the portal of entry from the plasma membrane, and constitute the main sorting compartment. Late endosomes (LEs) provide a unidirectional feeder function to lysosomes. They fuse with these to form endolysosomes, in which the endocytic cargo is degraded. In addition, many cell types have perinuclear recycling endosomes (REs) that mediate recycling of membrane components and fluid to the plasma membrane. Endosomes are connected with each other by vesicle traffic and direct fusion, and with the TGN and the Golgi complex by bidirectional membrane traffic. There is also trafficking from lysosomes to the ER directly, but it is not clear to what extent such traffic is vesicular.
The sorting of cargo from EE to LEs depends on a complex maturation process whereby the vacuolar parts of EEs are converted to LEs. The conversion involves a gradual drop in pH, formation of intralumenal vesicles, Rab switching, microtubule-mediated movement, phosphatidylinositide conversion, and acquisition of acid hydrolases.
SORTING IN ENDOSOMES
The lipid-binding toxins, STX and CTX, are both transported via EEs and the TGN to the lumen of the ER. A detailed discussion of the literature describing these phenomenona can be found in recent reviews (Chinnapen et al. 2007; Johannes and Romer 2010; Sandvig et al. 2010) . STX reaches peripheral EEs 5 min, perinuclear EEs in 10 -20 min, TGN and Golgi complex in 30 -45 min, and the ER in 180 min or longer (McKenzie et al. 2009 ). Cholesterol is essential for trafficking, and the STX remains associated with detergent resistant membranes (Falguieres et al. 2001) .
As recently discussed (Sandvig et al. 2009; Johannes and Romer 2010) , the EE to Golgi transport step requires a spectrum of cellular factors some of which are activated by the toxin and its association with the cell (Mallard et al. 1998) . The retromer complex and its subunits (SNX1 and 2, VPS), known to promote EE to Golgi transport of cellular proteins (Rojas et al. 2008) , seem to play an important role. However, transport also depends on activation of signaling pathways involving at least two kinases (p38a and protein kinase C d) and remodeling of the EE compartment through the association of arrestins and p38a with each other and with EEs. In addition, there is evidence that further components such as clathrin, dynamin-2, epsinR, and syntaxins 6 and 16 play a role. The dependence on actin and microtubules shows that the cytoskeleton is also important (Valderrama et al. 2001; Luna et al. 2002; Duran et al. 2003) . A small fraction (5% -10%) of the STX has been shown to escape already at the endosomal level (McKenzie et al. 2009 ).
The retrograde transport from the Golgi complex to the ER is the slowest step in the pathway. Unlike cholera toxin, STX does not have a 
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Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004721 carboxy-terminal KDEL sequence. Both COPIdependent and independent pathways to the ER have been proposed (Girod et al. 1999) . The transport of CTX to the ER has many similarities with STX (Schapiro et al. 1998; Lencer and Saslowsky 2005) . CTX is transported via the TGN to the ER. Although it has a carboxy-terminal KDEL sequence that allows binding to the retrograde transport receptor, the KDEL receptor, it is apparent that the use of this receptor is not essential for intoxication by CTX. The toxin has five binding sites for GM1 and its internalization and transport is dependent on multivalent binding to these lipids. It has been suggested that it induces or uses a lipid-dependent pathway from the PM to the ER (Chinnapen et al. 2007 ).
INTRACELLULAR TRAFFICKING OF GLS BOUND VIRUSES
After internalization by small monopinocytic vesicles, the various polyomaviruses are also delivered to the ER. However, this is preceded by slow passage through endocytic compartments (Liebl et al. 2006; Qian et al. 2009; Engel et al. 2011 ). The first station in the entry of mPy and SV40 seems to be the EE followed by either the RE or LE and endolysosomes. Eventually, from these endocytic organelles, the viruses move by poorly defined mechanisms to the ER (Kartenbeck et al. 1989; Qian et al. 2009 ). For mPy and SV40, the best characterized of the polyoma viruses, the transport is slow. It takes 4 -10 h before the viruses reach the ER, and passes into the cytosol and nucleus (Schelhaas et al. 2007 ). Passage through the Golgi complex is unlikely in this case but cannot be ruled out.
PERSPECTIVES
The interaction of toxins and viruses with their target cells provides powerful systems to study animal cells. The incoming pathogens make use of numerous cellular mechanisms and pathways that are otherwise difficult to study. Intoxication and infection provide easily quantifiable biological read-outs for the successful outcome of the complex entry process.
In the case of the toxins and viruses discussed in this review, the breadth of existing data is already impressive. It ranges from detailed structural information on receptor/ ligand complexes, to genetic analysis, in vitro systems, signal transduction, and intracellular membrane trafficking. The dependence of these particular ligands on lipids and the detailed biophysical properties of bilayers make them useful as tools in the study of lipids and membranes for which there are few powerful biological model systems. In particular, when combined with imaging techniques, they allow studies addressing dynamic aspects of membranes in live cells. To single out one aspect that deserves further study, the valency of binding of these ligands to gangliosides has important functional consequences. The multivalency is apparently the underlying principle that triggers lipid domain formation, membrane invagination, trans-bilayer coupling, signaling, and intracellular routing.
First of all, CTX, SV40 pentamers, and SV40 particles coalesce in clusters on GUVs, what antibodies to GM1 do not. Furthermore, CTX, SV40 pentamers, and SV40 induce tubules in GUVs whereas cell and antibodies to GM1 do not. This discrepancy leads to dramatic differences in intracellular trafficking. Although antibody-bound gangliosides are recycled to the PM, cholera-toxin clustered GM1 is routed from perinuclear endosomes via the Golgi apparatus to the ER (Crespo et al. 2008) . On the other hand, SV40 virions, binding to the same receptor as CTX or the antibody, seem to bypass the Golgi on the way to the ER (Fig. 3) . Interestingly, when quantum dots are functionalized either with GD1a antibodies or cholera toxin, they are not recycled like ganglioside antibodies or transported to the Golgi apparatus like cholera toxin, but sorted to the ER, suggesting that the three-dimensional organization of binding site on colloids may play a role in intracellular sorting (Tekle et al. 2008; Qian et al. 2009) . A similar clustering dependent defect of trafficking to the Golgi has been observed for ricin (van Deurs et al. 1986 ).
As the important role of lipids in the mechanics of endocytosis is gaining more deserved attention (Sens et al. 2008; Frolov and Zimmerberg 2010; Liu et al. 2010) , the wellunderstood systems described here will allow the investigation of important questions in membrane biology. What is the minimum requirement for membrane domain formation after binding? What is the composition of binding-induced microdomains? How is transbilayer coupling achieved in the absence of trans-membrane proteins? What confers identity to the lipid-ligand containing vesicles pinching off the plasma membrane and how do they acquire fusion machinery? How are cellular lipid environments tuned for the formation of different microdomains?
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